The Bacillus stearothermophilus ribosomal protein S15 (BS15) binds both a three-helix junction in the central domain of 16 S ribosomal RNA and its cognate mRNA. Native gel mobility-shift assays show that BS15 interacts speci®cally and with high af®nity to the 5 H -untranslated region (5 H -UTR) of this cognate mRNA with an apparent dissociation constant of 3(AE0.3) nM. In order to localize the structural elements that are essential for BS15 recognition, a series of deletion mutants of the full cognate mRNA were prepared and tested in the same gel-shift assay. The minimal binding site for BS15 is a 50 nucleotide RNA showing a close secondary structure resemblance to the BS15 binding region from 16 S rRNA. There are two major structural motifs that must be maintained for high-af®nity binding. The ®rst being a purine-rich three-helix junction, and the second being an internal loop. The sequence identity of the internal loops differs greatly between the BS15 mRNA and rRNA sites, and this difference is correlated to discrimination between wild-type BS15 and a BS15(H45R) mutant. The association and dissociation kinetics measured for the 5 H -UTR-BS15 interaction are quite slow, but are typical for a ribosomal protein-RNA interaction. The BS15 mRNA and 16 S rRNA binding sites share a common secondary structure yet have little sequence identity. The mRNA and rRNA may in fact present similar if not identical structural elements that confer BS15 recognition.
Introduction
Since transcription and translation are coupled in prokaryotes, a variety of strategies exist for the post-transcriptional regulation of gene expression. Polycistronic operons often contain clusters of genes encoding related function, allowing coordinated expression of families of genes or of metabolic pathways. Alternatively, if a number of seemingly unrelated genes on an operon must be coregulated, then gene expression can be modulated by translational control elements in the mRNA. The majority of genes involved directly with ribosome biosynthesis are clustered to a few operons, 1 and several primary binding ribosomal proteins exhibit translational auto-regulation. 2 In this feedback mechanism, when the free concentration of a ribosomal protein is higher than the requirement for rRNA binding, the protein binds to a regulatory element in its cognate mRNA, which inhibits further translation. Examples of well-documented translational auto-control of ribosomal proteins include: Saccharomyces cerevisiae L30 binding a stem-internal loop-stem motif in the 5 Huntranslated region (5 H -UTR) of its cognate mRNA; 3 Escherichia coli S7 binding an irregular hairpin motif within the 5 H region of the str operon; 4 and E. coli S15 (ES15) binding a pseudoknot motif in the 5 H -UTR of its cognate mRNA. 5 Previous work on the E. coli S15-mRNA interaction has shown that the binding of ES15 to its cognate mRNA inhibits further translation of ES15 by preventing the 30 S/mRNA/fMet Á tRNA fMet ternary complex from being formed. 6 ES15 binding stabilizes a pseudoknot motif that exists in dynamic equilibrium with a stem-loop motif within the 5 H -UTR of the ES15 mRNA. 7 Detailed studies of the determinants for ES15 binding using both chemical probing 8 and mutational analysis 9 demonstrate that ES15 recognizes the conformation of the sugar-phosphate backbone unique to the pseudoknot motif as well as a G-U/ G-C motif similar to that found in E. coli 16 S rRNA. 10, 11 The ES15 binding site on 16 S rRNA, which shares this G-U/G-C motif, has been localized to a phylogenetically conserved three-helix junction located between helices 20, 21, and 22 in the central domain of the 16 S rRNA. 12 The 16 S rRNA-S15 interaction from the moderate thermophile Bacillus stearothermophilus has been well characterized, 13 ± 17 and the structure of the B. stearothermophilus ribosomal protein S15 (BS15) in the absence of rRNA as been solved. 18 A comparison of the rRNA-BS15 interaction with that of the auto-regulatory cognate mRNA-BS15 interaction would provide unique insight on molecular recognition and structural speci®city for a thermophilic organism.
We were curious to know if other prokaryotes, especially thermophiles, were able to regulate S15 expression through a binding event similar to that observed in the mesophile E. coli. This work involves the cloning of the intergenic region 5
H to the coding region of the BS15 mRNA from B. stearothermophilus. We have shown that BS15 binds to the full-length BS15 mRNA with high af®nity. A detailed deletion analysis of the BS15 mRNA binding site showed that BS15 interacts speci®cally with a minimal 50 nucleotide portion of its 5
H -UTR. The relative binding af®nity of the deletions as well as the thermodynamics, stoichiometry of binding, and kinetics were studied using a native polyacrylamide gel mobility-shift assay. This interaction involves a binding site containing a threehelix junction motif similar in secondary structure to the BS15 binding region in 16 S rRNA, while having sequence identity distinct from either the BS15 rRNA or ES15 mRNA. These results suggest that while the autoregulation of S15 translation in prokaryotes may be common, the individual motifs that S15 recognizes in its own mRNA may in fact differ between genera.
Results
Analysis of the B. stearothermophilus DNA in the vicinity of the BS15 gene
Comparison of the published Bacillus subtilis and Bacillus halodurans genomes (National Center for Biotechnology Information at http:// www.ncbi.nlm.nih.gov) revealed a consistent arrangement of genes in the vicinity of S15, with the S15 gene (rpsO) located between ribo¯avin kinase (ribC) and polyribonucleotide nucleotidyltransferase (pnpA). In addition, there were no consensus promoter sequences immediately 5 H of the S15 coding region, but promoters were present 5 H of pnpA. While the reasons for coordinated transcription of ribC, rpsO, and pnpA are unknown, the autoregulation of S15 expression appears to be common throughout Bacillus genera, and possibly prokaryotes in general.
In order to clone the region immediately upstream of the B. stearothermophilus S15 gene (BS15), we ®rst cloned the DNA for BS15 for the coding region, and then used those sequences in conjunction with phylogenetically conserved sequences in ribC and pnpA to clone the entire intergenic region (see Materials and Methods, and Figure 1 ). The entire BS15 gene containing the 5 H -UTR, coding region, and 3 H -UTR was assembled from three overlapping sequences, as shown in Figure 2 .
The BS15 coding region begins with an ATG start codon 14 nucleotides downstream of a GGAG Shine-Dalgarno sequence, and is consistent with the reported 88 amino acid residue sequence based on protein sequencing, except that a histidine residue was observed at position 45 rather than an arginine residue. 19 This discrepancy in the BS15 sequence reported in the Genbank database (accession code 133791), which occurs at a residue that otherwise appears to be conserved in prokaryotes, was previously and independently observed in work leading to the X-ray structure of the free BS15 protein. 18 The BS15 coding region terminates with a TAA stop codon, a region of hyphenated dyad symmetry, and a predicted stem-loop-stem motif (ÁG À14.9 kcal/mol (1 cal 4.184 J), 20 all typical for a r-independent transcription termination site. 21 A promoter element for pnpA was readily identi®ed (Neural Network Promoter Prediction{) and is similar to that used for E. coli (s 70 ) tRNA tyr22 However, no obvious promoter sequence could be identi®ed 5
H of the BS15 coding region, suggesting that BS15 was but one gene expressed from a larger transcript. Thus, the region between ribC and BS15 was likely to contain a translational regulation site.
Unfortunately, all of the previously published work from our laboratory was performed with the mutant protein BS15(H45R). 13 ± 17 Fortunately, the H45R mutation does not affect binding of the protein to the 16 S rRNA BS15 site (vide infra). However, the H45R mutation does affect binding to the BS15 mRNA site (vide infra). Here, BS15 refers to wild-type (H45), while in all previous papers BS15 must be read as BS15(H45R).
Deletion analysis reveals that BS15 binds a three-helix junction motif in the 5 H -UTR of its mRNA
The full 5
H -UTR and BS15 coding region were cloned from B. stearothermophilus and inserted into a plasmid containing a phage T7 RNA polymerase promoter (RNA1, in Figure 1 ). Restriction enzymes were used to linearize the plasmid for runoff in vitro transcription reactions. The interaction of BS15 with RNA1 was ®rst observed by native gel mobility-shift competition assay using 32 P-labeled RNA corresponding to nucleotides 585-756 of the central domain of 16 S rRNA (Fr1) and wild-type BS15 under conditions described elsewhere.
14 The apparent dissociation constant (K d ) for this mRNA-BS15 interaction was 20(AE2) nM. Since the upstream region of this mRNA was likely responsible for BS15 binding, the sequence of the 5 H -UTR including the BS15 coding region was subjected to secondary structure analysis. A highly stable threehelix junction motif (ÁG À 28.1 kcal/mol) was predicted, consisting of the 87 nucleotides in the 5
H -UTR and the ®rst ten nucleotides of the BS15 coding region (Figure 3) . 20 This three-helix junction, which includes the ribosomal loading site, encompasses approximately the same number of nucleotides as the cognate S15 mRNA binding site in E. coli, but the folds are strikingly different. The predicted secondary structure of the BS15 mRNA three-helix junction shows a resemblance to the B. stearothermophilus S15 binding region in the central domain of 16 S rRNA. 14 An in vitro deletion analysis was undertaken to assess the validity of the predicted secondary structure, to further localize the structural elements that were essential for BS15 recognition, and to produce the minimal mRNA capable of binding BS15 with wild-type af®nity. RNAs containing deletions from RNA1 were prepared by standard PCR methods and tested in the same competition assay as that described above. The results from these H untranslated region of the BS15 cognate mRNA element is identi®ed as bold, Shine-Dalgarno elements are in outline, proposed r-independent transcription termination site is underlined, and transcription promoter site for pnpA is boxed. experiments are summarized in Figure 4 . First, as expected, nucleotides 18 through 252 from the BS15 coding region could be removed without affect on BS15 binding (RNA2). Binding of BS15 was lost when helix 1 was destabilized by shortening either from the 5 H or 3 H end (RNA3, and RNA4). The bottom part of helix 1, including the internal loop, could be removed and replaced with ®ve base-pairs without loss of binding af®nity (RNA5). Removing nucleotides À10 through À22 and À41 through À61, and closing helix 2 and helix 3 with stable tetra-loops, 23 ,24 had no effect on binding (RNA6). Helix 3 could be further shortened to a two-base pair helix with only a small increase in K d (RNA7). Removal of the upper two Watson-Crick base-pairs in helix 2 abolished binding (RNA8), thus RNA7 was the minimal RNA construct capable of binding BS15 with wild-type af®nity.
Direct titration of BS15 with its mRNA
The direct binding of BS15 was ®rst studied with 32 P-labeled Fr1 RNA as described.
14 The Fr1-BS15 complex appears as a band of higher mobility compared to free Fr1 RNA ( Figure 5(a) ). The K d of the direct titration of BS15 with Fr1 was 5(AE0.5) nM, which was indistinguishable from that observed for the Fr1-BS15(H45R) interaction. 13, 14 The direct interaction of BS15 with 32 P-labeled RNA2 was then studied in the same type of gelshift experiment used to monitor the binding of BS15 to Fr1. The RNA2-BS15 complex however, appears as a band of lower mobility compared to free RNA2 ( Figure 5(b) ). The K d for the binding between BS15 and RNA2 was 3(AE0.3) nM, which was essentially the same as that observed for the Fr1-BS15 and Fr1-BS15(H45R) interactions. 13 ± 15 However, titration of BS15(H45R) caused no mobility-shift of 32 P-labeled RNA2 ( Figure 5(c) ), suggesting that at least some of the determinants for rRNA and mRNA binding are different.
As in the case of the rRNA-BS15 interaction, 14 the observed shape of the binding curve for RNA2-BS15 was typically steeper than would be expected for 1:1 binding, suggesting that there may be multiple or non-speci®c BS15 protein binding sites. In addition to the lower-mobility band corresponding to the 1:1 mRNA-BS15 complex, a second much broader band of slower mobility was observed at BS15 concentrations above 400 nM. This type of non-speci®c binding of BS15 at high concentrations was observed with the rRNA site. 14 For the equilibrium binding measurements, the protein was present in excess over the trace concentration of 32 Plabeled RNA, which permits formation of nonspeci®c complexes at higher protein concentration. However, for the determination of stoichiometry, the RNA concentration was higher, and the speci®c site would be preferentially occupied until an approximate 1:1 complex was formed. Thus, despite the non-speci®c complexes observed in the binding curves, the stoichiometry of binding ( Figure 5(d) ) could still be measured as essentially 1:1.
Kinetics of BS15-mRNA binding
The association rate constant for RNA2-BS15 was measured using the native gel mobility-shift assay at various BS15 concentrations and the data ®t as described.
14 The pseudo ®rst-order rate constant (k on ) shows a linear dependence with BS15 protein concentration, which suggests a bimolecular binding event, with an apparent rate constant of 6.31 Â 10 4 M À1 s À1 at 40 C ( Figure 6(a) ). The dissociation rate constant of BS15-RNA2 complex was also determined by native gel-shift experiments by diluting the pre-formed BS15-RNA2 complex 200-fold and monitoring the amount of complex remaining over time. The data were ®t to a single exponential (Figure 6(b) ). The dissociation rate constant (k off ) shows monophasic behavior with a rate constant of 1.78 Â 10 À4 s À1 at 40 C ( Figure 6(b) ), suggesting a unimolecular dissociation event with a half-life of 65 minutes.
Discussion
Previous studies on E. coli S15 protein have shown that ES15 binds to both a well-de®ned three-helix junction in the central domain of 16 S rRNA and a pseudoknot motif in the 5 H -UTR of its cognate mRNA. 5 However, these studies show that while S15 shares a 60 % sequence identity between E. coli and B. stearothermophilus, they do not use similar mRNA motifs to regulate S15 expression. Through a detailed deletion analysis, we have demonstrated that BS15 binds a three-helix junction in the 5 H -UTR of its cognate mRNA, which is very similar in secondary structure to the BS15 binding region of 16 S rRNA (Figure 7 ). This threehelix junction can be reduced to a 50 nucleotide element without loss of binding af®nity. However, there are several structural motifs common to both the mRNA and rRNA that must be maintained for BS15 binding. Helix 1 in the mRNA must be closed with four Watson-Crick base-pairs to maintain the integrity of the three-helix junction, as was found for helix 20 in the rRNA site.
14 The upper part of helix 2, which is analogous to helix 22 of the rRNA binding site and contains the internal loop, must be present for BS15 binding. This conserved internal loop present in helix 22 of rRNA shares little sequence identity with that in the BS15 mRNA, with the exception of a phylogenetically conserved G-U/G-C S15 recognition element closing the upper portion of the internal loops. 10, 11 The internal loop present in the mRNA is in fact responsible for the binding speci®city observed between BS15 and the BS15(H45R) mutant. This is in strong contrast to the rRNA-BS15 site, which does not discriminate between the two proteins. All of the previous biochemical work on BS15 was performed with the H45R mutant, 13 ± 17 which was synthesized on the basis of the previously published protein sequence. 19 Examination of rRNA-S15 interactions in crystal structures shows that although histidine-45 makes close contacts to the internal loop present in helix 22 of the rRNA, an arginine mutation can be accommodated. 25, 26 The equilibrium dissociation constant as well as the kinetics measured for the BS15-RNA2 interaction are typical for a ribosomal protein. 27, 28 The association rate of BS15-RNA2 (6.31 Â 10 4 M À1 s À1 ) was however, approximately six times faster than for the rRNA site, 15 and the off-rate (1.78 Â 10 À4 Figure 6 . H -untranslated region of ES15 operator mRNA. Continuous lines denote chemical enhancements by S15, broken lines denote chemical protections by S15, dotted lines denote Fe(II)-EDTA protections by S15, and shown in outline is the G-U/G-C motif important of S15 recognition. s À1 ) was about four times slower than that observed for the BS15-16 S rRNA interaction. 14 Thus, on the time-scale of typical bacterial cell division, BS15 binding to its cognate mRNA would be essentially irreversible. When the free concentration of BS15 is higher than the concentration of rRNA binding sites, BS15 can quickly bind its cognate mRNA regulatory element and inhibit further translation.
The B. stearothermophilus S15 mRNA and rRNA binding sites are structurally distinct from the proposed S15 mRNA pseudoknot motif that regulates translation of the E. coli S15 protein. There is a high degree of conservation between prokaryotic S15 proteins and rRNAs, both in secondary structure and sequence identity. However, a residue that appears to be conserved in S15, may in fact not be conserved for purposes of binding its rRNA, but rather utilized as unique structural contacts for binding its translation regulatory element. Thus, different residues in S15 may recognize speci®c elements within a diverse set of structural motifs. Further biochemical studies are needed to identify the speci®c determinants for mRNA recognition by BS15.
Materials and Methods
Cloning the Bacillus stearothermophilus S15 gene Bacillus stearothermophilus (ATCC 7593) was grown in 5 mL B. stearothermophilus broth 29 until late log phase growth (A 660 of 1.0) at 45 C, and harvested by centrifugation in a Sorval SS-34 rotor for 15 minutes at 3000 g. B. stearothermophilus genomic DNA was isolated using the Wizard Genomic DNA Puri®cation Kit (Promega Corp., Madison, WI) according to the supplied procedure for Gram-positive bacteria, and was used in cloning experiments without further puri®cation. The BS15 coding region was ampli®ed using two degenerate primers complementary to the N-terminal (5 H GCG GAA TTC ATG GCN CTN CAN CAR GAR CG), and C-terminal (5 H GGG CCC AAG CTT CTA TTA SCG SCG NAG NCC NAG YTT YTC) ends of the BS15 protein sequence 19 using standard procedures. The PCR product was cloned into pUC18 digested with EcoRI and HindIII using phage T4 DNA ligase (New England Biolabs Inc.) incubating for two hours at 25 C. The ligation reaction mixture was used to transform E. coli DH5a cells by standard procedures. 30 Transformants were analyzed for inserts by restriction enzyme digestion. Sequencing of the isolated plasmids con®rmed the majority of the authentic BS15 coding sequence.
Identi®cation of sequences 5 H of the BS15 coding region was accomplished through a modi®cation of the single-speci®c-primer PCR. 31 Since there was a high probability that the ribC gene would be 5
H of BS15, a degenerate primer was designed to target a phylogenetically conserved amino acid sequence (GFPTAN) in the ribC gene (5 H GGB TTC CCG ACM GCS AAY) and an anti-sense primer speci®c for BS15 was used in another round of PCR. Sequencing this second PCR product provided the authentic DNA sequence of the 3 H end of the ribC gene, the 5 H -UTR of BS15, as well as the authentic sequence of the 5 H BS15 coding region, previously obscured due to the degenerate primer used in the ®rst PCR reaction. In a similar manner, the ®nal remaining authentic BS15 3 H coding sequence, 3 H -UTR of BS15, and 5 H region of pnpA was determined using a speci®c primer for BS15 (5 H GAA ATC ATC GAA CAA TTC AAA), and an antisense degenerate primer complementary to a phylogenetically conserved amino acid sequence (DFFPLTV) in the pnpA gene (5 H NAC NGT NTR HGG RAA RAA RTC). By sequencing the third PCR product, the entire BS15 gene containing the 5 H -UTR, BS15 coding region, and 3
H -UTR was assembled from the three overlapping sequences.
Construction of plasmids containing mRNA genes
A plasmid construct of a full-length BS15 mRNA element (pLS2-1) suitable for in vitro transcription was prepared in a manner similar to that described above using the sense primer 5
H GCG TCG GAA TTC TAA TAC GAC TCA CTA TAG GGT ATT CTA ATC AG and anti-sense primer 5
H GCG TCG AAG CTT TAA ATT GAG CAA GTA GG. Deletions from the 5 H end were made in 10 bp consecutive steps using the sense primers 5
H GCG TCG GAA TTC TAA TAC GAC TCA CTA TAG GGT CAG TGT ATG CGA ACC GTT GC, 5 H GCG TCG GAA TTC TAA TAC GAC TCA CTA TAG GGC GAA CCG TTG CTT GGC CAG G, or 5
H GCG TCG GAA TTC TAA TAC GAC TCA CTA TAG GGT TGG CCA GGC GAC TCA CCG AC, and the same antisense primer as above.
Internal deletions were constructed from parental plasmid using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) with the sense primers 5
H CCG TTG CTT GGC ttc gGC TCG GCA ACC GG, 5
H CGG CAA CCG GGG gTA ACC ATG CCC GGG, and their respective antisense primer.
In vitro transcription of mRNA
Plasmids suitable for in vitro transcription harboring the full BS15 mRNA gene (pLS2-1), or its derivatives, were linearized by cleaving with restriction enzymes, extracted with phenol/chloroform (Fisher Scienti®c, Tustin, CA) equilibrated with TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA) and precipitated with ethanol. Transcription reactions were carried out under the following conditions: 80 mM K-Hepes (pH 8.1), 1 mM spermidine, 10 mM dithiothreitol, 0.01 % (v/v) Triton X-100, 80 mg/ml of polyethylene glycol, 28 mM MgCl 2 , 3 mM each ribonucleotide triphosphate, 0.3 mM linearized plasmid, 2 units/ml of inorganic pyrophosphatase (Sigma, St. Louis, MO), 80 units/ml of RNAse inhibitor (Promega) and 3000 units/ml of T7 RNA polymerase. 32 The reactions were incubated for four hours in a waterbath at 37 C, quenched with 0.1 vol. 0.5 M EDTA (pH 8.0) and extracted with an equal volume of phenol/chloroform. The aqueous layer was precipitated with ethanol by addition of 0.1 vol. 3 M sodium acetate (pH 5.3) and 3.5 vol. 100 % ethanol at À20 C. The crude RNA precipitate was ®rst washed with 70 % (v/v) ethanol to remove excess salt and then resuspended in 80 % (v/v) formamide stop buffer 33 and puri®ed on a denaturing 10 % (w/v) polyacrylamide (acrylamide/bisacrylamide, 29:1 w/w) electrophoresis gel in TBE buffer (90 mM Trisborate (pH 8.1), 2 mM EDTA). The product band was identi®ed by UV shadowing, excised, and eluted using an Elutrap at 4 C into TBE buffer for three hours at 200 V with fractions taken each hour. The RNA was again precipitated with ethanol and washed as described, then resuspended in TE buffer. Radiolabeled RNA transcripts were made in a similar manner but by spiking the NTP mix with [a-32 P]GTP (New England Nuclear, Boston, MA; 3000 Ci/mmol).
Purification of the BS15 protein
The BS15 protein was expressed as a His 6 -tagged fusion protein, which facilitated puri®cation from the highly complementary host ES15. From a single colony of phBS15/JM109, 2 l of Luria-Bertani broth (10 g of Tryptone, 5 g of yeast extract, 10 g of NaCl per liter; Fisher Scienti®c) containing 100 mg/ml of ampicillin (Sigma) were grown at 37 C. 33 The cultures were induced at an absorbance (A) at 660 nm of 0.8 with 1 mM IPTG and allowed to grow for an additional four hours at 37
C. The cells were harvested by centrifugation in a Sorval SLA-3000 rotor for 15 minutes at 3500 g. The cell pellet, approximately 4 g/l of culture, was resuspended in 10 mL of STE buffer (100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA), 90 ml of lysis buffer (6 M guanidine-HCl, 100 mM NaH 2 PO 4 , 10 mM Tris-HCl, pH 8.0), and sonicated for ten minutes in 30 second bursts with 2.5 minutes recovery period at 4 C. To the lysis solution, 20 ml of Ni-NTA Agarose (Qiagen Inc.) was added and stirred for one hour at room temperature. The slurry was pored onto an Econo-column (Bio-Rad Laboratories, Hercules, CA) and the resin washed with 100 ml of lysis buffer. The His 6 -BS15 protein was eluted from the column with 60 ml of elution buffer (6 M guanidine-HCl, 200 mM acetic acid), dialyzed overnight against 4 l of 2 % (v/v) acetic acid, and lyophilized. The lyophilized protein was resuspended in 6 ml of 4 M urea and applied to a C18 HPLC column (22 mm Â 250 mm, VYDAC/The Separation Group Inc., Hesperia, CA) in 2 mL aliquots preequilibrated with 5 % (v/v) acetonitrile, 0.1 % (v/v) triuoroacetic acid (TFA) in double-distilled water, and eluted with a 90 minute linear gradient from 5 %-95 % acetonitrile, 0.1 % TFA in double-distilled water. Fractions containing His 6 -BS15 were combined and lyophilized. The lyophilized protein was resuspended in 1 ml of double-distilled water and applied to a Progel-TSK carboxymethyl HPLC column (7.5 mm Â 75 mm, Supelco Inc., Bellefonte, PA) in 200 ml aliquots pre-equilibrated with 10 mM potassium phosphate buffer (pH 6.0), and eluted with a 60 minute linear gradient from 0-100 % 2 M KCl, 10 mM potassium phosphate buffer (pH 6.0) in double-distilled water. Fractions containing His 6 -BS15 were combined, dialyzed overnight against 4 l of 2 % acetic acid, and lyophilized. The lyophilized protein was resuspended (15 mg/ml) in factor-Xa reaction buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 2 mM, CaCl 2 ), factor-Xa enzyme (Life Technologies, Frederick, MD) was then added (2 mg/mg of His 6 -BS15), and the reaction allowed to run one hour at 25 C. The reaction was quenched by bringing the reaction mixture to 8 M urea and immediately dialyzing overnight against 4 l of 2 % acetic acid, and lyophilizing. The lyophilized protein was resuspended in 1 ml of double-distilled water and applied to the Progel-TSK carboxymethyl HPLC column as described above. Fractions containing BS15 were combined, dialyzed overnight against 4 l of 2 % acetic acid, and lyophilized to yield approximately 20 mg/l of culture. The BS15 protein was found to be stable for over three years stored lyophilized at À20 C, and one year in low-salt buffer (10 mM potassium phosphate (pH 6.5), 50 mM KCl, 0.1 mM EDTA) at 4 C.
Gel mobility-shift assays
Formation of BS15-mRNA complex was observed as a gel mobility-shift in native polyacrylamide gel electrophoresis experiments. Gel mobility-shift experiments were carried out by titrating an increasing amount of BS15 protein under the following conditions: 50 pM radiolabeled RNA, 10 mM K-Hepes (pH 7.5), 100 mM potassium acetate, 0.1 mM EDTA, 0.1 mg/ml of tRNA, 0.1 mg/ml of bovine serum albumin, 5 mg/ml of heparin, 0.01 % IGEPAL CA630. The RNA was annealed by heating at 95 C for three minutes, then cooling to 4 C for six minutes. Reaction volumes of 20 ml were incubated for six hours at 40 C before adding 2 ml of type III loading buffer (30 % (v/v) glycerol, 0.25 % (w/v) xylene cyanol, 0.25 % (w/v) bromophenol blue). 33 The binding assays were then loaded in 6 ml amounts onto a native 10 % polyacrylamide (acrylamide/bisacrylamide, 29:1, w/w) electrophoresis gel (36 cm wide, 48 cm long, 0.05 cm thick) which had been pre-run for two hours at 20 V/cm at 4 C and run for 16 hours. Experiments were quanti®ed using the program Image Quant (Molecular Dynamics), and the data ®t to equation (1):
where Â is the fraction bound, n is the Hill coef®cient, and K d is the equilibrium dissociation constant, using a non-linear, least-squares analysis in the software Igor (Wavemetrics). Stoichiometry assays were performed as described above with the exception of unlabeled RNA being added to 2 mM total RNA concentration. Competition assays were performed as described above using radiolabeled Fr1 ribosomal RNA at a concentration of 50 pM, BS15 at a concentration of 50 nM, and varying the competitor mRNA concentration (0.1 nM to 2 mM) and the data ®t as described. 14 We were unable to monitor the stoichiometry of the BS15-mRNA interaction using a ®lter-binding assay because the BS15-mRNA complex was not retained on the ®lter, consistent with previous observations for a variety of ribosomal proteins. 34 Attempts to use different mRNA constructs in gel-shift experiments also failed, which could be attributed to insuf®cient kinetic stability of the RNA-protein complex. 35 ± 37 The association rate of BS15-RNA2 was measured under the conditions above with speci®c concentrations of BS15 (15 nM-0.5 nM). The amount of BS15-RNA2 complex over time was measured by ®tting the data to a single exponential, and the bimolecular rate constant calculated by the line ®tting a pseudo ®rst-order rate constant as a function of BS15 concentration.
14 Dissociation rate of BS15-RNA2 was measured as described above by equilibrating 20 nM BS15 with 4 nM RNA2 for four hours. The complex was then diluted 200-fold with gelshift buffer, the fraction of BS15-RNA2 remaining over time determined, and the data ®t to a single exponential.
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